Introduction
The endoplasmic reticulum (ER) is the gateway to the eukaryotic secretory pathway. Secretory or membrane proteins are translocated across or integrated into the ER membrane during synthesis or soon thereafter. Protein folding and protein maturation in the ER are essential for the subsequent transport of secretory and membrane proteins to downstream compartments of the secretory pathway. Molecular chaperones in the ER play key roles in protein homeostasis in the ER (Anelli and Sitia 2008) . Immunoglobulin-binding protein (BiP) is a molecular chaperone in the ER that belongs to the heat shock protein 70 (Hsp70) family, which functions in protein translocation, protein folding and quality control in the ER (Nishikawa et al. 2005a , Bukau et al. 2006 .
Flowering plants have multiple BiP genes, in contrast to yeast and mammals. Arabidopsis thaliana has three BiP genes (Noh et al. 2003) , two of which (BIP1 and BIP2) encode ubiquitously expressed proteins that are 99% identical to each other. The third BiP gene (BIP3/BIP-L) encodes a less well conserved BiP paralog (80% identical to BiP1 and BiP2), which is expressed only under ER stress conditions such as tunicamycin treatment (Noh et al. 2003) . We previously showed that the bip1 bip2 double mutation causes defects in the fusion of polar nuclei during female gametogenesis, which is followed by seed abortion after fertilization. In contrast, the bip1 bip2 double mutation does not affect the formation of viable pollen or pollen germination, although the double-mutant pollen is less competitive during fertilization (Maruyama et al. 2010) .
One major determinant of pollen competitiveness is the pollen tube growth rate. Rapid pollen tube growth is required for optimal fertilization; pollen tubes can elongate with rates of approximately 1 cm h À1 in some species (Bedinger 1992) . Pollen tube growth is tightly coupled to protein secretion, because synthesis and transport of secretory proteins that are required for cell wall biosynthesis are essential for pollen tube growth (Šamaj et al. 2006) . Therefore, rapid pollen tube growth requires efficient protein secretion activity. Mutations in the machinery required for secretion inhibit pollen tube growth and pollen germination (Cheung et al. 2002 , Cole et al. 2005 , Szumlanski and Nielsen 2009 , Peng et al. 2011 .
Here, we analyzed the effects of mutations in the A. thaliana BiP genes on male gametogenesis and pollen tube growth. We found that BiP3 is expressed in pollen and has functions that are comparable with those of BiP1 and BiP2. BiP3 expression in male gametophytes rescued the lethality, but did not fully suppress the pollen tube growth defects, of the bip1 bip2 double mutation. We found that a decrease in the copy number of the BiP genes correlated well with the decreased pollen tube growth both in vitro and in vivo. Our results indicate the significance of the BiP functions in pollen development and pollen tube growth. The multiple BiP proteins of flowering plants are important to meet the high cellular demands for protein secretion in actively growing cells such as the male gametophyte.
Results
The bip1 bip2 double mutation affects pollen tube growth Although the bip1 bip2 double mutation does not affect pollen viability or pollen germination, it causes a significant decrease in co-transmission of the bip1 and bip2 mutant alleles through the male gametophyte (Maruyama et al. 2010) . We first examined the effects of the bip1 bip2 double mutation on pollen tube growth and fertilization using the bip1-4 (b1) and bip2-1 (b2) alleles. The b2 mutant was isolated from a collection of mutants constructed by insertion of a T-DNA that expresses b-glucuronidase (GUS) from the pollen-specific LAT52 promoter (Twell et al. 1990 , Sessions et al. 2002 , Johnson et al. 2004 ; therefore, pollen carrying the b2 allele can be identified by assays for GUS activity. For pollen analyses, we used plants that were homozygous for the quartet1 (qrt1) mutation, which generates four microspores derived from a single pollen mother cell that stay attached to each other (Preuss et al. 1994) . GUS staining of pollen tetrads showed that 94.7% (n = 209) and 92.8% (n = 221) of pollen tetrads from the b2/+ qrt1/qrt1 and b1/b1 b2/+ qrt1/qrt1 plants, respectively, contained two GUSpositive (GUS + ) and two GUS-negative (GUS À ) pollen grains. GUS staining showed that 47.2% (n = 233) and 47.0% (n = 304) of pollen tubes germinated in vitro from the b2/+ qrt1/qrt1 and b1/b1 b2/+ qrt1/qrt1 plants, respectively, were GUS + , indicating that the bip1 bip2 double-mutant pollen germinates as efficiently as the bip2 mutant pollen (Fig. 1A, B) . However, GUS + pollen tubes carrying the b2 allele were shorter than GUS À pollen tubes. For pollen from the b2/+ qrt1/qrt1 plant, the average lengths of GUS + and GUS À pollen tubes were 429 ± 192 mm (n = 162) and 530 ± 211 mm (n = 172), respectively (Fig. 1C) . For pollen from the b1/b1 b2/+ qrt1/qrt1 plant, the average lengths of GUS + and GUS À pollen tubes were 348 ± 197 mm (n = 313) and 440 ± 197 mm (n = 335), respectively (Fig. 1D) . These results also show that the b1 allele has caused reduction in the average tube length. The decrease in tube length correlated well with the decrease in the copy number of the BIP genes. The average length of the GUS + pollen tubes from the b1/b1 b2/+ qrt1/qrt1 plant was shorter than that of the GUS + pollen tubes from the b2/+ qrt1/ qrt1 plant. Accordingly, the average length of the GUS + pollen tubes from the b1/b1 b2/+ qrt1/qrt1 plant carrying the b1 b2 allele was the shortest, indicating that the bip1 bip2 double mutation caused a significant reduction in pollen tube growth activity.
We found that the growth defect of the bip1 bip2 doublemutant pollen was exacerbated in vivo. To analyze the growth of pollen tubes harboring the bip2 mutation in vivo, we pollinated wild-type pistils with pollen from the b2/+ qrt1/qrt1 or b1/b1 b2/+ qrt1/qrt1 plant, and performed GUS staining at 1 day after pollination (DAP) following the removal of ovary walls. For pistils pollinated with pollen from the b2/+ qrt1/ qrt1 plant, ovules fertilized with the GUS + pollen harboring the b2 allele were observed in the bottom region of the pistil (Fig. 1E) . The percentage of ovules fertilized with GUS + pollen in the top quarter of the pistils was approximately 40%, which slightly decreased to approximately 30% in the bottom quarter of the pistils (Fig. 1G) . In contrast, ovules fertilized with GUS + pollen harboring the b1 b2 alleles were observed only in the top region for pistils pollinated with pollen from the b1/b1 b2/+ qrt1/qrt1 plant (Fig. 1F) . Although approximately 30% of the ovules were fertilized with GUS + pollen in the top quarter of the pistils, the fertilization efficiency of GUS + pollen decreased with increasing distance from the stigma, and yielded approximately 0% in the bottom quarter of the pistils (Fig. 1G) . These results indicated that the growth defect of bip1 bip2 doublemutant pollen was more severe in vivo, which probably caused the decreased competitiveness of b1 b2 pollen tubes.
BIP3 is expressed in pollen and pollen tubes
BiP is essential for cell viability in yeast (Rose et al. 1989 , Normington et al. 1989 ). In A. thaliana, simultaneous deletion of the ubiquitously expressed BIP1 and BIP2 genes reduced pollen fitness but did not affect pollen viability (Fig. 1) . One possible explanation for this result is that expression of the third BIP gene (BIP3) could rescue the possible pollen lethality of the bip1 bip2 double mutation. We found that the BIP3 gene was expressed in wild-type pollen; reverse transcription-PCR (RT-PCR) analysis detected transcripts of BIP3, BIP1 and BIP2 genes in wild-type mature pollen (not shown). We observed GUS staining in mature pollen from the qrt1/qrt1 mutant plant, which was hemizygous for the pBIP3::GUS gene (Fig. 2D) as well as the pLAT52::GUS, pBIP1::GUS and pBIP2::GUS genes ( Fig. 2A-C) . Expression of BIP3 in pollen tubes growing in pistils was confirmed by GUS staining of wild-type pistils pollinated with pollen from the pBIP3::GUS transgenic plant (Fig. 2H) .
Lethality but not fitness of the bip1 bip2 double-mutant pollen is suppressed by BIP3 expression Next, we examined if the bip1 bip2 bip3 triple mutation caused pollen lethality. We first constructed b1/b1 b3/b3 and b2/b2 b3/ b3 double mutants. These plants were viable and did not show obvious growth or fertilization defects (data not shown). We also constructed the b1/+ b2/b2 b3/+ qrt1/qrt1 plant. However, we could not obtain a b1/+ b2/b2 b3/b3 qrt1/qrt1 plant among the 102 progeny of the self-crossed b1/+ b2/b2 b3/+ qrt1/qrt1 plant. We found that 83% of the pollen tetrads from the b1/+ b2/b2 b3/+ qrt1/qrt1 plant contained aborted and dead pollen grains ( Table 1) as determined by differential interference contrast microscopy ( Fig. 3B , C) and Alexander staining (Fig. 3E, F) . Staining with 4 0 ,6-diamidino-2-phenylindole (DAPI) showed that aborted pollen did not contain a nucleus, whereas viable pollen grains contained a vegetative nucleus and two sperm nuclei (Fig. 3H, I ). In contrast, >97% of the pollen tetrads from qrt1/qrt1, b1/b1 qrt1/qrt1, b2/b2 qrt1/qrt1, b1/+ b2/b2 qrt1/qrt1 and b1/b1 b2/+ qrt1/qrt1 plants contained four viable pollen grains ( Table 1) . Genotyping of F 1 progeny (n = 135) produced by pollinating the wild-type pistils with pollen from the b1/+ b2/b2 b3/+ qrt1/qrt1 plant showed no co-transmission of the b1 b2 b3 alleles, indicating lethality of pollen containing the b1 b2 b3 triple mutation. These results indicate that b1 b2 pollen is viable due to the function of BiP3.
The b1/+ b2/b2 b3/+ qrt1/qrt1 plant produces three types of pollen tetrads. The first type contains four viable pollen grains consisting of two b1 b2 + and two + b2 b3 pollen grains. The second type consists of two viable + b2 + pollen grains and two inviable b1 b2 b3 pollen grains. The third type of tetrad consists of three viable pollen grains with + b2 +, b1 b2 + and + b2 b3 genotypes, and an inviable b1 b2 b3 pollen grain. Because the BIP1 and BIP3 genes are located on different chromosomes (chromosomes 5 and 1, respectively), the segregation ratio of these three tetrad types is expected to be 1 : 1 : 4 (Sherman and Wakem 1991, Copenhaver et al. 2000) . Consistent with this prediction, the observed segregation ratio of the three tetrad types was 1 : 1 : 4 (Table 1) , which confirms the lethality of pollen carrying the bip1 bip2 bip3 triple mutation. Essentially the same results were obtained when we used bip1-2 or bip1-3 alleles instead of b1 (Table 1) .
In A. thaliana, two rounds of mitosis after meiosis produce tricellular pollen that contain two sperm cells and a vegetative nucleus (McCormick 2004) . We analyzed developing microspores isolated from anthers of the b1/+ b2/b2 b3/+ qrt1/ qrt1 plant by DAPI staining, and found that abortion of the b1 b2 b3 pollen was visible at the bicellular stage after the first pollen mitosis. All tetrads at the unicellular stage (n = 62) contained four microspores with a single nucleus. We did not find any morphological differences between these unicellular microspores (Fig. 4A) . In contrast, we observed tetrads at the bicellular stage that contained one or two abnormal microspores with one nucleus (Fig. 4B-D) . Of a total of 69 tetrads, nine tetrads contained four normal microspores, 12 tetrads contained two abnormal and two normal microspores, and 48 tetrads contained one abnormal and three normal microspores. The observed ratio of the three tetrad types was close to 1 : 1 : 4. These results suggest that BiP functions are essential for early stages of pollen development.
BiP3 has functions that are comparable with those of BiP1 and BiP2
Although BiP3 expression suppressed the pollen lethality of the bip1 bip2 double mutation, the double-mutant pollen is less competitive during fertilization. BIP3 encodes a less well conserved BiP paralog (80% identical to BiP1 and BiP2) that is expressed primarily under ER stress conditions (Noh et al. 2003) . The incomplete suppression could be due to differences in the function or expression levels of BiP3 and BiP1/2. Therefore, we tested if BiP3 expression from the BIP1 promoter could fully complement the defects of the bip1 bip2 double mutant. We constructed a fusion gene consisting of the BIP3 gene driven by the BIP1 promoter (pBIP1::BIP3) and introduced it into b1/+ b2/b2 plants. Analyses of three T 1 lines expressing the b1/+ b2/b2 genotype showed that the pBIP1::BIP3 gene suppressed the seed abortion phenotype of the b1/+ b2/b2 plant (data not shown), as previously observed for the pBIP1::BIP1 construct (Maruyama et al. 2010) . We isolated the b1/b1 b2/b2 double-homozygous mutant that was also homozygous for pBIP1::BIP3 [b1/b1 b2/b2 cmpl (complemented by) pBIP1::BIP3] from the T 2 population. Immunoblotting using anti-BiP1 antibodies showed no expression of BiP1 or BiP2 in the b1/b1 b2/b2 cmpl pBIP1::BIP3 plant, confirming that b1 and b2 are null alleles (Fig. 5A) . In contrast, BiP3 was constitutively expressed in this plant, and this expression was strongly induced by tunicamycin treatment (Fig. 5A) . The protein level of constitutively expressed BiP3 in the b1/b1 b2/b2 cmpl pBIP1::BIP3 plant was much higher than that in wild-type plants treated with tunicamycin. No growth defect was observed in the b1/b1 b2/b2 cmpl pBIP1::BIP3 plant compared with that in wild-type plants and b1/b1 b2/b2 plants, which also are homozygous for pBIP1::BIP1 (b1/b1 b2/b2 cmpl pBIP1::BIP1) ( Fig. 5B-D) . Expression of BiP3 from the BIP1 promoter also rescued seed abortion after fertilization of the b1 b2 ovule, and the defect in the fusion of polar nuclei (Fig. 5E-J) . The average length of in vitro germinated pollen tubes from the b1/b1 b2/b2 cmpl pBIP1::BIP3 plant was 501 ± 171 mm (n = 244), which is comparable with those from wild-type (517 ± 179 mm, n = 246) and the b1/b1 b2/b2 cmpl pBIP1::BIP1 (510 ± 159 mm, n = 248) plants ( Supplementary Fig. S1 ). These results indicate that BiP3 expressed from the BIP1 promoter has functions that are sufficient to complement the defects of the bip1 bip2 double mutation. The bip1 bip2 double-mutant pollen was potentially less competitive because BiP3 expression from the BIP3 promoter was not sufficient to complement fully the defects of the bip1 bip2 double mutation.
Deletion of ER-resident J proteins that function in ER quality control severely impairs pollen germination
The chaperone activity of Hsp70 is regulated by cofactors or partner proteins (Bukau et al. 2006) . J domain-containing proteins (J proteins) are a class of functional partners of Hsp70, and they interact with Hsp70 through the well-conserved J domain. We previously identified the ER-resident J proteins that function as partners for BiP. Analyses of A. thaliana mutants of ER-resident J proteins showed that mutations of AtERdj2A, a J protein involved in protein translocation across the ER membrane, cause plant lethality and reduced pollen germination activities, while single mutants of J proteins involved in ER quality control were viable (Yamamoto et al. 2008) . Nevertheless, we found that simultaneous deletion of AtERdj3B and AtP58 IPK caused defects in pollen functions. Reciprocal cross experiments showed severe co-transmission defects of the aterdj3b-1 (3b) and atp58 ipk -1 (p58) alleles through the male gametophyte (Yamamoto et al. 2008) . The 3b/3b p58/+ qrt1/qrt1 plant produced tetrads consisting of four grains of normal morphology (Fig. 6C) . DAPI staining showed that pollen tetrads from 3b/3b p58/+ qrt1/qrt1, from qrt1/qrt1 and from 3b/3b qrt1/qrt1 plants consist of four grains containing two generative nuclei and one vegetative nucleus (Fig. 6D-F) , indicating that the pollen mitoses took place normally in the 3b p58 doublemutant pollen. Alexander staining (Alexander 1969) showed that the pollen grains that were produced were all viable ( Fig. 6G-I) . However, we found that the 3b p58 double mutation severely affected pollen germination. One or two pollen grains germinated in most of the 3b/3b p58/+ qrt1/qrt1 tetrads in vitro. Less than 5% of the tetrads contained three or four germinated pollen grains (Fig. 6L, M) . In contrast, >30% of qrt1/qrt1 and 3b/3b qrt1/qrt1 tetrads contained three or four germinated pollen grains (Fig. 6J, K, M) .
Discussion
BiP is a molecular chaperone in the ER lumen that functions in protein translocation, protein folding and ER quality control.
Here, we showed essential and redundant functions of the three BIP genes of A. thaliana in male gametogenesis. Although simultaneous deletion of the two ubiquitously expressed BIP1 and BIP2 genes does not affect pollen viability (Maruyama et al. 2010) , the bip1 bip2 bip3 triple mutation is lethal at the microspore stage during pollen development (Figs. 3, 4) . Our results indicate that BiP is essential for cell viability in A. thaliana, consistent with previous observations in budding yeast and mouse (Normington et al. 1989 , Rose et al. 1989 , Luo et al. 2006 . Our results also indicate that the bip1 bip2 double-mutant pollen is viable due to the expression and function of BIP3.
We found that expression of BiP3 from the BIP1 promoter complements the defects of the bip1 bip2 homozygous double mutation (Fig. 5) . This result indicates that BiP3 has functions comparable with those of BiP1 and BiP2, in spite of the lower (80%) homology of BiP3 with BiP1 or BiP2. This is probably because the sequence differences between BiP3 and BiP1/2 are distributed primarily in the C-terminal region (Noh et al. 2003) . Amino acid residues that are essential for the ATPase activity or substrate peptide binding are conserved among the three A. thaliana BiP proteins, which could result in a high degree of functional similarity, and no obvious functional differences, between BiP3 and BiP1/2 under normal growth conditions. BIP3 expression is usually very low in the majority of mature plant organs under normal growth conditions (Noh et al. 2003) . However, our RT-PCR and GUS reporter assays showed low but distinct BIP3 expression in pollen and pollen tubes under normal conditions (Fig. 2) . Consistent with these results, tissue-specific microarray experiments identified BIP3 expression in developing pollen (Honys and Twell 2004 ) and pollen tubes after growth through the stigma and style (Qin et al. 2009 ). Because BIP3 is expressed in pollen and pollen tubes without ER stress conditions, BiP3 can function as the third BiP protein in male gametophytes. Nevertheless, BiP3 expressed from the BIP3 promoter was not sufficient to suppress fully the defects of the bip1 bip2 double-mutant pollen. This is probably because the expression level of the BIP3 gene is lower than that of BIP1 and BIP2. Microarray experiments showed that the expression level of BIP3 was much lower than that of BIP1 in developing pollen and growing pollen tubes (Honys and Twell 2004, Qin et al. 2009 ). Although the expression of BIP3 can be up-regulated by ER stress (Noh et al. 2003) , the amount of BiP3 in tunicamycin-treated wild-type plants was lower than that of BiP3 expressed from the BIP1 promoter without ER stress (Fig. 5A) .
In vitro and in vivo pollen tube growth experiments showed that the bip1 bip2 double mutation significantly decreased pollen tube growth. The synthesis and secretion of proteins involved in cell wall biosynthesis play important roles in pollen tube growth. A reduction in the BiP level could lower the secretion rates in pollen tubes by decreasing the efficiencies of protein translocation, protein folding and ER quality control. We found that simultaneous deletion of the two ER-resident J proteins, AtERdj3B and AtP58 IPK , which function in protein folding and quality control as partners for BiP (Yamamoto et al. 2008) , resulted in severe defects in pollen germination. This result highlights the importance of BiP functions in pollen. Because J proteins can interact with client proteins of Hsp70, the observed germination defects of the aterdj3b atp58 ipk mutant pollen could arise from functional defects of a protein(s) that is essential for pollen germination and requires the assistance of BiP and/or AtERdj3B and/or AtP58 IPK for its folding and assembly in the ER.
Recent genome sequencing projects revealed that flowering plants have multiple BiP genes. In addition to the three BiP genes of A. thaliana analyzed here, six BiP genes with divergent sequences were found in rice (Oryza sativa) (Sarkar et al. 2013) . Poplar (Populus trichocarpa) and grape (Vitis vinifera) also have multiple BiP genes with divergent sequences (Tuskan et al. 2006 , Velasco et al. 2007 ). In A. thaliana, BIP1 and BIP2 probably arose by gene duplication, whereas BIP3 probably emerged from a different evolutionary lineage (Sung et al. 2001) . This is in stark contrast to the fact that many mammalian species, including human and mouse, have only one BiP gene. Some of the plant BiP genes are expressed in a tissue-or organ-specific manner similarly to the A. thaliana BIP3 gene (Buzeli et al. 2002) . The protein folding demand in the ER can vary in different tissues or organs. The expression of additional BiP genes may be important for ER protein homeostasis in tissues with highly active synthesis of ER-targeted proteins, and especially under stress conditions. Multiple BiP genes in plants potentially evolved to cope with massive secretory protein synthesis under various environmental stresses.
Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana qrt1-2 (CS8846) was used as a wild-type plant. The T-DNA insertion mutants CS853146 (bip1-2), CS801763 (bip1-3), CS856879 (bip1-4), CS842467 (bip2-1), SALK_024133 (bip3-1), SALK_113364 (aterdj3b-1) and SALK_140273 (atp58 ipk -1) were provided by the Arabidopsis Biological Resource Center at Ohio State University. T-DNA insertions were verified by PCR using flanking region-specific primers as described in Yamamoto et al. (2008) and Maruyama et al. (2010) . The pBiP1::GUS, pBiP2::GUS and pBiP3::GUS transgenic lines were described in Maruyama et al. (2010) . Seeds were surface-sterilized by chlorine gas and germinated on soil or Murashige and Skoog medium (Wako) containing 0.7% agar and 1% sucrose. Plants were grown at 22 C under continuous light. For tunicamycin treatment, 10-day-old seedlings were incubated in Murashige and Skoog medium containing 1% sucrose and 5 mg ml À1 tunicamycin for 5 h at 22 C.
Construction of transgenic plants
The pLAT52::GUS gene was constructed as follows. A 261 bp HindIII/EcoRV fragment of p35S-2 (http://www.pgreen.ac.uk) containing the 35S terminator sequence was introduced into the HindIII/StuI sites of pGreenII0229 to produce pDM1. A 0.6 kb DNA fragment containing the tomato LAT52 gene was amplified from LAT52-7 (Twell et al. 1990 , a gift from S. McCormick) by PCR using 5 0 -GCG CTC GAT ACT CGA CTC AGA AGG TAT T-3 0 and 5 0 -GCG AAG CTT CAT ATG TAA ATT GGA ATT TTT TTT TTT GG-3 0 as primers, digested with HindIII and XhoI, and introduced into the HindIII/XhoI sites of pDM1 to produce pDM9. A 1.8 kb EcoRI/HindIII fragment of pJIT166 containing the GUS gene was introduced into the EcoRI/HindIII sites of pDM9 to produce pDM13. A construct expressing the BIP1 cDNA from the BIP1 promoter (pBIP1::BIP1) was described in Maruyama et al. (2010) . The pBIP1::BIP3 gene expressing the BIP3 gene from the BIP1 promoter was constructed as follows. A 3 kb DNA fragment containing the BIP3 coding region was amplified from the Col-0 genome using primers 5 0 -CGT ACG CAA AAG TTT CCG ATA TGA TTT TTA TCA AGG AAA ACA CAG C-3 0 and 5 0 -CGC GAA TTC TTG CTG TGT TAT CAA GTT TTA ATT TCT TAG-3 0 . The amplified DNA fragment was mixed with a 1.2 kb DNA fragment containing the BIP1 promoter (Maruyama et al. 2010) , and used as the template for the second PCR using primers 5 0 -GCG GAA TTC AGG AGG TTG AGA GAG AAG ATA GAC-3 0 and 5 0 -CGC GAA TTC TTG CTG TGT TAT CAA GTT TTA ATT TCT TAG-3 0 . The amplified 4.2 kb DNA fragment containing the pBIP1::BIP3 gene was digested with EcoRI and cloned into the EcoRI site of pCambia1200 (CAMBIA) to produce pDM225. Transformation of A. thaliana plants was performed by the floral dipping method (Clough and Bent 1998) using the Agrobacterium tumefaciens GV3101 strain.
Pollen analysis
Alexander staining was performed as described previously (Alexander 1969) . Observation of mature pollen morphology and DAPI staining of pollen grains were performed as described in Maruyama et al. (2010) . In vitro pollen germination assays were as described by Boavida and McCormick (2007) . GUS staining was performed as described previously (Maruyama et al. 2010) , except that the incubation time for GUS staining of ovules was changed from 0.5 h to 3 h. After GUS staining, samples were immersed in mounting media [90% (v/v) glycerol, 50 mM potassium phosphate, pH 7.5]. For GUSstained pistils, samples were fixed and cleared as described previously (Maruyama et al. 2010) . Images of mature pollen were observed and captured by a light microscope BX51 (Olympus) equipped with a DP70 cooled CCD camera (Olympus). Images of in vitro germinated pollen tubes and pollinated pistils were captured and recorded using a SteREO Lumar V12 stereomicroscope (Carl Zeiss) and a SZX7 stereo microscope (Olympus) equipped with a Pro600ES CCD camera (Pixera), respectively.
Anti-BiP3 antibodies
Rabbit polyclonal anti-BiP3 antibodies were raised against a peptide (CDPVIKSVYEKTE) that corresponded to residues 649-661 of BiP3. The peptides were conjugated with keyhole limpet hemocyanin and used to immunize rabbits with complete Freund's adjuvant, followed by six booster immunizations with incomplete Freund's adjuvant.
SDS-PAGE and immunoblotting
For preparation of protein extracts, 10-day-old Arabidopsis seedlings were frozen in liquid nitrogen, ground into powder, suspended in SDS-PAGE sample buffer and heated at 94 C for 5 min (Laemmli 1970) . After removal of insoluble materials, samples were subjected to SDS-PAGE (Laemmli 1970) , followed by transfer to Immobilon-P membranes (Millipore) (Towbin et al. 1979) . Protein concentrations were determined by a BCA protein assay kit (Pierce) using bovine serum albumin as a standard. Anti-BiP1 antibodies (Yamamoto et al. 2008 , 1: 2,000 dilution), anti-BiP3 antibodies (1 : 1,000 dilution) and anti-actin monoclonal antibody (MA1-744, Affinity BioReagent, 1 : 1,000 dilution) were used as the primary antibodies. Horseradish peroxidase-labeled anti-rabbit IgG and anti-mouse IgG antibodies (GE Healthcare) were used as the secondary antibodies at 1 : 10,000 dilution. Signals were detected using the ECL Advance Western Blotting Detection Kit (GE Healthcare) and a LAS-4000 mini EPUV (Fujifilm).
Total RNA preparation and RT-PCR Total RNA was prepared from mature pollen using the RNeasy Micro Kit (Qiagen). First-strand DNA was synthesized by the SuperScriptII First-Strand Synthesis system for RT-PCR (Invitrogen) according to the manufacturer's protocol. Detection of the transcripts of BIP1, BIP2 and BIP3 was performed as described previously (Maruyama et al. 2010) . The CALS5/LAP1 gene, which encodes callose synthase expressed in pollen (Nishikawa et al. 2005b) , was used as a control for pollen-expressed genes in RT-PCR using primers, 5 0 -ATA CCA GAC GGC TGG AGT GCT-3 0 and 5 0 -AAC CCA GAT GGC CAG TTC AAT-3 0 .
Confocal laser scanning microscopy
The procedures for confocal laser scanning microscopy of cleared ovules were based on the protocol described previously (Christensen et al. 1997) . Pistils were dissected with stainlesssteel tweezers, fixed with 4% glutaraldehyde (v/v) and 12.5 mM cacodylate (v/v) pH 6.9, dehydrated with an ethanol series, and then seeds were cleared in a 2 : 1 mixture of benzyl benzoate : benzyl alcohol. Ovules were observed using a CSU10 confocal laser scanning system (Yokogawa Electric) equipped with a Kr/Ar laser mounted on a BX60 microscope (Olympus). The 488 nm laser line was used for observation of cleared ovules. Images were captured using a Cool SNAP HQ2 cooled CCD camera (Photometrics) in 0.5 mm optical sections, and stacked using Metamorph Version 7.5.2.0 (Universal Imaging).
Image processing and analysis
All images were processed for publication using Adobe Photoshop CS Version 8.0.1 (Adobe Systems Inc.). The lengths of pollen tubes germinated in vitro were measured using ImageJ 1.33u.
Supplementary data
Supplementary data are available at PCP online.
